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Abstract: 
 With increased interest in sustainable materials for use in building materials and clothing, 
there is a renewal in the use of natural fibers (plant or animal-based) vs. synthetic fibers in a 
variety of applications.  However, there is not as much information available on the flammability 
of these natural fibers especially when they are used in products where purification techniques 
used in conventional textile processing are not required.  The literature to date suggests that all of 
the fibers can be grouped into two categories:  cellulosic and animal, with the assumption that 
regardless of original species, the flammability is similar for fibers within each category.  In this 
report, we have conducted a survey via micro combustion calorimetry to determine if all 
cellulose-based and all protein based fibers are the same from a heat release perspective.  Our 
findings show that this is not the case, and there are notable differences in fiber types within each 
genus.  Further, how the natural fiber has been treated prior to use can have some dramatic 
effects on heat release caused by residual impurity content.  The results in this paper suggest 
there is more to be learned about these natural fiber types in regards to their inherent 
flammability.   
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Introduction: 
 Use of naturally derived (plant and animal) materials for clothing, upholstery fabrics, 
building materials, or other household items has developed with human civilization over the past 
millennia, but more recently natural materials have become more in demand over the past decade 
or so due to an increase in sustainability initiatives.  Sustainability initiatives such as Leadership 
in Energy & Environmental Design (LEED)1 often request natural materials to be considered in 
building product design so that the products at end of life are easily bio-degradable and can be 
made from renewable natural sources with minimal environmental impact.  Natural fibers 
derived from plants have long been used in buildings to reinforce adobe and mud bricks, and 
now are beginning to be used in modern composites as a replacement for synthetic reinforcing 
fibers made from glass or thermoplastic materials.  One common example of such a composite 
would be wood-fiber board, which is often composed of cellulosic fibers with a synthetic 
polymer binder.  With such an increase in natural plant fiber use in non-conventional textile 
areas, there have been some studies on how these fibers affect flammability in 
composites,2,3,4,5,6,7,8, with the general conclusion that the cellulosic plant fibers assist with 
charring, but there has not been a systematic study of these fibers in how they may be different 
from one another in regards to flammability.  While most plant fibers are predominantly 
cellulose based, where the fibers are located within the plant can result in a wide range of 
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properties and other chemicals incorporated into the structure, some of which can remain as 
impurities during their end-use products.  As Table 1 shows, for instance, the bast fibers, such as 
flax, hemp, jute and ramie, derived from plant stems contain considerable amounts of lignin still 
present after the first extraction process or retting. Bamboo, however, may be either in the form 
of fibers extracted from the cane by crushing and retting or, more usually, cellulosic material 
extracted chemically in a similar manner to the extraction of wood pulp from timber. The final 
fibers are extruded by a process similar to the viscose rayon process and so comprise primarily 
cellulose and trace salts.  Seed hairs, on the other hand, typified by cotton, may be particularly 
high in cellulose, with no lignin content and are coated in water resistant waxes. Kapok, 
however, is atypical of this class and has a composition more typical of a bast fiber. The leaf 
fiber, sisal, also contains a sizeable lignin content. When cellulosic fibers like cotton and flax (as 
linen) are used in conventional textile applications, they are chemically scoured and often 
bleached to remove impurities as shown in Table 1 where raw cotton composition may be 
compared with medical grade cotton. When the fibers are used in more technical applications 
such as cordage, ropes, floorcoverings and composites, they are often used with minimal levels 
of chemical treatment and so their compositions will be close to those in Table 1 in the final 
product.  Note in Table 1 that the references where the literature data was obtained is given as 
superscript endnote numbers.   
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Table 1 Natural cellulosic fiber types and indicative levels of significant impurities (dry basis) 
 
Fiber type Character Cellulose, % 
 
Hemicellulose, 
pectins, sugars, 
etc., % 
Lignin, % Waxes, fats, 
oils, etc., % 
Mineral 
salts/water 
soluble 
material, % 
Seed hair       
Cotton Raw9 88 - 96 1.2 - 0.4-1 1.2* 
 Scoured and 
mercerized9 
>96 - - <0.4 >1.0** 
 Bleached9 >99.0 - - <0.1 <0.2 
Kapok Raw10,11 35. 4 22. 4 15-22  0.76 
Bast (stem)***       
Flax Retted9 71.3 20.5 2.2 1.7 4.4 
Hemp Retted11 78.3 5.4 2.9-5 <0.5 0.53 
Ramie Retted/scraped11 77 15 0.7 <0.5 6.1 
 Chemically 
processed, 
degummed, 
scoured12 
93 4 -  0.5 
Jute Retted & stripped11 71 14 13 0.5 1.2 
Bamboo: bast fiber 
Bamboo 
viscose**** 
 
Retted13 
 
Chemically 
processed 
73.8 
 
>99 
12.9 
 
- 
10.2 
 
- 
- 
 
- 
3.2 
 
<1 
 
Leaf       
Sisal Mechanical 
Decortication11 
73 14 11 0.3 1.3 
Notes *Principal salts of K, Ca, Mg, Na 
** Principal salts of Na 
*** Principal mineral contaminants are salts of K, Na, Ca, Al, Fe(III) 
**** Fibers similar to normal viscose rayon 
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While the main component of these plant fibers is cellulose in regards to flammability, 
the general processes of cellulose thermal decomposition, pyrolysis, and combustion are fairly 
well studied14,15 and might be assumed to dominate the overall thermal degradative behavior of 
the impure fibers. Thus, in general, cellulose fibers decompose to produce char and a variety of 
volatile gases, and depending upon pyrolysis temperatures, can undergo additional pyrolysis 
steps as the char carbonizes further with smaller carbon fragments being released.  However, the 
majority of these cellulose studies have been conducted to date on wood pulp or cotton fibers 
from bleached fabrics in which impurity levels are minimal. This will not be the case for the raw 
fibers and the impurities present may have a significant effect, especially with regard to the 
pyrolysis stages where especially the presence of metal salts may act as Lewis acids and promote 
char formation. The presence of lignin will also probably have a significant effect because it is 
an amorphous, polyphenolic material with its own thermal degradation chemistry16,17 leading to 
char formation in its own right. 
 Animal fibers, by contrast are composed of protein structures which vary depending upon 
the species of animal (or insect in the case of silk) that they were harvested from.  However, 
before use, they are generally scoured to remove surface fats, waxes, sweat and dirt and so their 
commercial forms during processing are reasonably pure. Generically silk fibers, after removal 
of the surrounding sericin gum, comprise the protein fibroin and animal fibers, keratin with each 
being a complex combination of polypeptides based on 18 α-amino acids. In silk fibroin, 
generally the 3 predominant α-amino acids are glycine, alanine and serine which comprise about 
80-85% of the total content and these with their relatively short sidechains ensure that the linear 
polypeptide molecules can form an oriented, polycrystalline structure yielding strong fibers.18 
When heated, silk fibroin shrinks and shows a tendency to soften at about 175 °C19 before 
starting to decompose yielding both volatiles and char. Animal fibers, based on a general keratin 
structure, however differ from fibroin in that two of the significantly present α-amino acids, 
namely methionine and cysteine, contain sulphur with the latter comprising almost 8-9% of the 
amino acid nitrogen present, representing a sulphur content of 3-4% by weight and providing 
disulphide cross-links between adjacent polypeptide chains.20 Not only do these bonds determine 
the differences in general fiber physical and mechanical behavior with respect to silk but also 
reduce the onset of decomposition temperature to about 250 °C as volatiles and gases like 
hydrogen sulphide start to be released and following further disulphide bond interactions char 
formation ensues.21 The presence of 5 other α-amino acids containing nitrogen within their 
pendant groups such as proline, arginine and lysine add to the overall generally high inherent 
non-flammability of wool as shown in by its LOI value of about 25 vol% and an ignition 
temperature of 580-600 °C.22 While wool fiber keratin structure and related thermal degradation 
mechanisms have been well-documented, the same cannot be said for the less common animal 
hair fibers because they have similar general chemistries,23 for the purpose of this study their 
thermal behaviors will be deemed to be similar to that of wool to a first approximation. They all 
show charring behavior, but unlike cellulosic fibers, may undergo a variety of chemical reactions 
as the respective complex proteins react, carbonize, and in many cases, melt/deform while 
forming chars.  This is different from plant fibers in that while these will char/carbonize while 
losing mass, it does not melt/deform during that charring process.  Of the animal fibers, only 
wool has been studied in depth for flammability effects,22 but to our knowledge no systematic 
study of the pyrolysis and combustion behavior between different protein types has been 
undertaken.   
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The only recent studies found which appears to study the burning behavior of different animal 
fibers such as silk, mohair, alpaca, and cashmere appears to be when the fibers were mixed with 
one another and treated with additional flame retardants,24 in another case where silk and wool 
fabrics were studied with the cone calorimeter,25 and when used with acoustic panels on aircraft 
to replace fiberglass.26  As with plant fibers, animal fibers are used based upon their availability 
from local animal populations and their ability to be incorporated into textiles for clothing.  To 
date, there do not appear to be any examples where animal fibers have been used for structural 
reinforcement of polymeric composites, or any use besides textiles as woven fabrics or knitted 
garments (hats, gloves, socks, scarves, sweaters, etc.).   
While animal and plant fibers have been studied for flammability performance, it is often 
done where the fibers are blended with something else (e.g. as part of a composite, in the 
presence of additional flame retardant, etc.).  Other than cotton, there is very little study on the 
inherent heat release differences of the fibers themselves and most of the information available 
on fibers other than cotton is from a limited group of researchers.27  To date, other than the few 
studies where such fibers have been studied by cone calorimetry,24,25,26 there has been no 
systematic side-by-side study of plant and animal fibers to determine how their inherent 
differences in chemical structure translate into flammability differences, especially in regard to 
heat release.  The lack of this data led to the hypothesis of this study, which was that these fibers 
likely will show differences in a heat release test which measures the inherent heat release 
properties of a material at the milligram scale.  The microcombustion calorimeter (MCC)28 was 
chosen as a fundamental test to measure the heat release of natural plant and animal fibers due to 
its success in quantifying heat release as function of chemical structure for polymers.29,30  With 
this instrument, several plant and animal fibers were chosen and tested based upon common 
usage to test this hypothesis that the microcombustion calorimeter would quantify the differences 
between fibers.   
 
Experimental Methods: 
The plant fibers were purchased from Wild Fibres, a UK company that specializes in the 
sale of natural plant and animal fibers for spinning and felting.  According to the manufacturer, 
they are not aware of how the fibers were treated (scoured, washed, or bleached) prior to sale.  
Therefore we will assume that some typical processes were used on these fibers (see Table 1, 
results and discussion section below).  The educational plant fiber pack included samples of 
cotton (both raw and mercerized), kapok, flax, hemp, jute, ramie, sisal and bamboo.  The medical 
grade cotton was taken from a cotton boll purchased at a local USA, Ohio pharmacy.  The 
animal fiber samples were donated from Paradise Fibers, a company located in Spokane, 
Washington (USA) that specializes in natural animal fibers to promote fiber arts (knitting, 
spinning).  The animal fiber samples included angora (Top Spinning Fiber, Rabbit), alpaca 
(Louet Almost White Alpaca Top Spinning Fiber), camel (Louet Low Camel Spinning Fiber), 
mohair (Ashland Bay Young Adult Mohair Roving), silk (Premium Silk Hankie) and wool (Grey 
Norwegian Wool Top High Quality). Since all animal hair fibers were obtained as commercial 
tops or rovings, they will have undergone some scouring process to remove natural oils, sweat 
and adventitious dirt impurities.  
Due to concerns about residual material being present on the silk and wool fiber samples 
that initially appeared to make their flammability performance and char yields higher than 
literature results, the silk and wool samples were tested before and after additional washing or 
scouring.  The washing of the silk and wool fibers was accomplished via the following method.  
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5 g of fiber was heated to 100 °C in 100 mL of water containing an over-the-counter 
dishwashing liquid for 1 hour.  After this treatment, the water was allowed to cool, and the fibers 
were collected and dried in an oven at 90 °C for 4 hours.   
Thermogravimetric Analysis (TGA) experiments were conducted on a Q5000 IR TGA 
(TA Instruments, USA) under nitrogen at 20 °C /min from room temperature to 700 °C.    
 Heat release measurements were conducted with the micro combustion calorimeter 
(MCC-1, Deatak Instruments, USA) via ASTM D7309-13.  All samples were tested in triplicate 
as per the standard, and the final chars were weighed and char yields calculated as well.  Pictures 
of the final chars were taken with the aid of a microscope with mounted digital camera.   
 
Results and Discussion: 
 Based on the above description of the fibers sourced commercially, it is assumed that the 
respective impurity levels reflect those taken from the literature in Table 1. Thus when small 
samples of each are exposed to the initial pyrolysis stage in the MCC, the role of impurity type 
may significantly influence the onset and nature of the respective volatile and char-forming 
reactions and so influence the resulting heat release behavior during the subsequent combustion 
stage. 
In the following sections, the results from MCC testing of the plant and animal fibers are 
shown.  Some commentary on the measurements from the MCC is needed before beginning a 
discussion on what results were obtained.  The measurements obtained from the MCC are shown 
in Tables 2-4, and included the following measurements:   
 Char yield:  This is obtained by measuring the sample mass before and after pyrolysis with 
an analytical microbalance.  The higher the char yield, the more carbon/inorganic material 
left behind.   
 HRR Peak(s):  These are the recorded peak maximum of heat release rate (HRR) found 
during each experiment.  The higher the HRR value, the more heat given off at that event.  
This value roughly correlates to peak heat release rate that would be obtained by the cone 
calorimeter.28   
 HRR Peak(s) Temp(s):  This is the temperature at which the HRR peaks were recorded.  
They roughly correlate to the temperatures at which the material is undergoing its fastest 
pyrolysis rates.28   
 Total HR:  This is the total heat release for the sample, which is the area under the curve(s) 
for each sample analysis. 
 
Plant Fibers: 
The heat release measurements for the fibers tested showed good reproducibility of 
measurement, which can be seen in the HRR data for these samples (Table 2).  A plot showing 
all of the fibers overlaid with one another is shown in Figure 1 for comparison.  Representative 
chars for some of the plant fiber samples are shown in Figure 2.  All of the plant fibers showed a 
blackened char in the shape of the original fiber indicating no melting and flow occurred as the 
fibers pyrolyzed.  The final chars however are quite fragile and are easily broken.  
The results from the testing of the eight plant fibers tested with the MCC are shown below in 
Table 2.  Table 2 suggests that total cellulose and other similar saccharide-based fuel source 
contents together might relate to respective fiber HRR parameter values but immediately one can 
see these cellulose-based, plant fibers have very different char yields and heat releases.  In 
particular, scoured and mercerized cotton, hemp, and kapok have the lowest peak HRR values, 
Fire and Materials: Volume 41, Issue 3 April 2017 Pages 275–288 doi.10.1002/fam.2386 July 
2016 
 
but not always having the highest char yields / lowest total HR values.  It is notable that scoured 
and mercerized cotton will contain quite high levels of residual sodium salts following the alkali 
scouring and subsequent concentrated NaOH mercerizing processes while bamboo will as a 
chemically regenerated fiber, have much lower levels of these residual salts which will 
encourage char formation if present. To our knowledge, typical values of residual impurity salts 
have not been published for bamboo, but they should be similar to those in a typical viscose 
rayon fiber (see Table 1). This is because at the end of a typical mercerization process, the high 
alkali content is neutralized by a strong acid such as hydrochloric acid and then, to ensure that 
the resulting fabric pH is slightly above 7, a final dilute sodium bicarbonate wash which will 
leave –CH2 .0-Na+ groups at the C(6) carbon primary alcohol group within the 
anhydroglucopyranose rings in the cellulose chains. This then blocks the intramolecular 
formation of volatile fuel-forming levoglucosan by the interaction between the C(6) -CH2.OH 
and C(1) anhydroglucopyranose linkage thus favoring char formation.31 Recent research into 
biomass pyrolysis has indicated that the presence of salts reduces the pyrolysis temperature of 
cellulose and influences char formation32 and more recently, it has been shown that alkaline and 
alkaline earth salts reduces the hydrocarbon fuel yields from lignocellulose biomaterials in the 
order K+>Na+>Ca2+>Mg2+.33 
The contrasting behaviors of hemp and ramie could be explained in terms of respective lignin 
contents (see Table 1) where the former for a retted fiber is in the range 2.9-5% content and the 
latter is less than 1% lignin; however, close inspection of the ramie sample suggests that it may 
have been scoured and even bleached after retting/scraping and so most likely may be almost 
free of lignin and be similar to the chemically more pure bamboo and indeed highly bleached 
medical-grade cotton (see below, Table 3). The scouring treatment will also have significantly 
reduced water-soluble salt content.  
Other than the obvious numerical differences in heat release for these fibers, the only other 
significant difference between the fibers is that two of the fibers (jute, sisal) appear to have a 
notable small peak of HRR that occurs between 300 and 320 °C (Figure 1).  All of the fibers 
have some onsets of heat release in this temperature range, but these two fibers show more heat 
release as a discrete mass loss/heat release event.  Both retted versions of these fibers have 
similarly high lignin levels (see Table 1) whereas the flax and hemp samples with much lower 
lignin levels but do not show a similar shoulder (Figure 1). Moreover kapok, which also has a 
high reported lignin content, does show in Figure 6 evidence of peak broadening or even a slight 
shoulder in the 250-350 °C region. The possible role of lignin in influencing the overall 
combustion of bast fibers in particular is not insignificant. For instance, Manfredi et al34 
compared the thermal stability of flax, sisal and jute by thermogravimetric analysis (TGA) and 
showed that flax with lowest lignin content (see Table 1) had a higher decomposition 
temperature than the other fibers, but a lower oxidation resistance from which it was concluded 
that the fibers having high lignin content, although are less flammable, generally have lower 
onset of decomposition temperatures. Furthermore, Kozlowski et al35 who studied the 
flammability of the bast fibers hemp, flax, cabuya and abaca using cone calorimetry concluded 
that the lower lignin-containing fibers, flax and hemp, which contain about 2 - 5% lignin content, 
show lower peak heat release rates and mass loss rates than cabuya and abaca fibers which have 
higher lignin contents of 7 - 13%. With regard to the lignocellulose fibers studied here, this 
would suggest that peak HRR values should be in the decreasing order: 
flax>hemp>sisal>jute>kapok. Table 2 shows that decreasing order jute>flax>sisal>hemp>kapok 
is actually observed, which once again demonstrates that other factors such as impurity salt 
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levels are most likely involved. This is especially the case in jute which shows an unexpectedly 
high peak HRR value coupled with the presence of a shoulder at 300-320 °C observed for the 
other high lignin content fibers.  It is evident from these results that a more in-depth chemical 
analysis is needed here for each fiber to determine what exactly is the cause of variability in 
these HRR peaks.   
 
Table 2.  HRR Data for Plant Fibers 
 
 
Char HRR Peak(s) HRR Peak(s) Total HR
Sample Yield (%) Value (W/g) Temp (s) (°C)  (kJ/g)
bamboo 8.46 263 363 10.6
8.73 279 364 10.7
9.00 257 363 10.6
cotton 20.46 183 358 7.8
(scoured) 20.52 158 361 7.8
(unbleached) 20.60 180 356 7.8
flax 18.05 215 379 8.4
18.76 213 378 8.2
18.63 214 379 8.1
hemp 22.01 186 354 7.7
22.10 185 350 8.1
22.30 197 356 8.2
jute 14.02 42, 241 307, 384 10.6
14.04 41, 238 309, 385 10.7
13.95 42, 230 305, 381 10.5
kapok 14.17 160 362 11.1
15.40 188 365 10.6
14.75 176 360 10.8
ramie 10.50 328 388 10.7
10.40 329 391 10.9
10.59 334 392 10.9
sisal 15.49 63, 212 317, 380 9.6
15.58 63, 206 316, 378 9.6
15.60 63, 207 318, 377 9.6
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Figure 1.  HRR Comparison Plot for all Plant Fibers.   
 
  
Figure 2.  Representative Chars for Plant Fibers 
 
 The effect of metal salt content on HRR parameters and combustion is particularly 
striking when the behavior of the three cotton samples are compared. During the acquisition of 
the cotton HRR data, there was an anecdotal observation that the raw and scoured cotton samples 
were behaving differently (high char yield) when compared to the medical grade cotton.  The 
results of this analysis are shown in Figure 3 and Table 3, and clearly there are differences in 
heat release behavior.  Scoured cotton is the lowest flammability cotton, followed by raw seed 
pod cotton and then medical grade cotton as the most flammable.  Referring to Table 1 and the 
respective indicative levels of impurities present it is most likely that these impurities are the 
cause of the differences in heat release, and specifically, differences in metal salt type and 
content are the main reason for the difference.  Medical grade cotton is subjected to an 
exhaustive bleaching treatment which eliminates all but traces of the original fiber impurities and 
residual salt levels, measured as ash content, will be significantly less than the typical value for 
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normally bleached cotton of about 0.2% and even as low as 0.01% or less 36. Furthermore, the 
oxidative bleaching treatment yielding so-called oxycellulose,9 will significantly reduce the 
molecular chain lengths and degree of crystallinity and since pyrolysis reactions are considered 
to originate in the non-crystalline regions,37, 38 such fibers will pyrolyze faster and release more 
total flammable mass.   
 
 
Figure 3.  HRR comparison plot for cotton as a function of processing.   
 
Table 3.  HRR data for cotton fibers.   
 
 
Animal Fibers 
 A total of 5 animal fibers (angora rabbit), alpaca, camel, mohair (goat), wool (sheep)) and 
1 insect fiber (silk (moth)) were tested for heat release and the results from this testing are shown 
in Table 4.  The heat release between fibers is highly variable, and as can be seen in the HRR 
curves for these samples (Figures 4-6) which appear to be highly irregular in both structure and 
reproducibility, especially between 320-400 °C.  The exception to this appears to be silk, which 
gave very reproducible results and a narrower combustion profile with only a doublet structure in 
Char HRR Peak(s) HRR Peak(s) Total HR
Sample Yield (%) Value (W/g) Temp(s) (°C)  (kJ/g)
Medical 6.63 327 387 12.2
grade 6.79 341 390 12.2
cotton 6.91 326 391 12.1
Raw cotton 16.27 199 374 9.0
from seed 15.97 215 376 9.2
pod 16.42 206 376 8.9
Scoured 20.46 183 358 7.8
unbleached 20.52 158 361 7.8
cotton 20.60 180 356 7.8
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the 340-350 °C region.  It is also worth mentioning that silk is the lowest flammability fiber 
tested in this set, which is counter-intuitive in light of the known information that wool fabrics 
tend to burn slower than silk which reflects their respective LOI values of 25 and 23 vol%.  The 
general differences in silk fibroin composition have been discussed in the introduction and its 
main difference from animal fiber keratin protein, is its lack of a significant presence of the 
sulphur-containing, α-amino acid, cysteine, which is generally considered to contribute to the 
relatively lower flammability of the animal hair fibers. The pyrolysis/combustion model within 
the microcombustion calorimeter may also be a factor in causing this unexpected silk behavior 
since normally combustion occurs in air vs. pyrolysis which occurs under nitrogen, and the 
microcombustion calorimeter decomposes the fabric sample under nitrogen.  In order to more 
closely investigate this unexpected difference in pyrolysis behavior, samples of each were 
washed and then TGA under nitrogen was undertaken.  In order to be assured that our new TGA 
data is valid, a literature search was undertaken and the collated TGA data is listed in Table 5 for 
residues over the range 300-450 °C. This shows that there is good consistency for wool and silk 
between the different sets measured at different times, in different labs and on different 
equipment, and some additional conclusions about silk and wool can be made from this data: 
1. Under air conditions, there is greater similarity in mass loss trends with wool (as would 
be expected) having slightly higher char residues at 350-400 °C. 
2. Mechanistically this suggests that under nitrogen (or vacuum) the cysteine sulphur 
content in the wool keratin is released as H2S as reported in the literature and this content 
is significant (3-4 wt% of total keratin excluding related amino-acid repeat content) and 
so volatilization could be considered greater above 300 °C for wool compared with silk.  
This does not appear to have been observed or commented on in prior literature although 
comparative differential thermal analyses have been reported 45.   
3. Under aerated conditions the disulphide link ruptures and is oxidized to sulphonic acid 
(i.e. cysteine to cystic acid) which has been reported to increase the flammability slightly 
since the inherently FR effect of the disulphide group has been removed39. This would 
partly explain why the TGA behavior of the fibers are more similar under air conditions. 
4. The decomposition behavior of these protein based fibers results in melting, flow, and 
then subsequent char formation, as can be seen in some of the representative chars shown 
in Figure 7.  These chars are very different than those seen for plant fibers, and their 
structure and rates of formation will be a function of the chemical processes described 
above.   
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Table 4.  HRR data for Animal Fibers 
  
 
When looking more closely at the data in Table 4, it is clear that although the five animal 
fibers have similar Total HR values within a range 12.6-14.0 kJ/g, their peak HRR values vary 
considerably and as the comparison plot of shows in Figure 8, their combustion envelopes are 
similar in shape apart from mohair which exhibits an exaggerated peak at about 325 °C.  While 
these fibers have a general keratin protein structure, there are subtle variations between the exact 
α-amino acid compositions of each which will similarly influence respective pyrolytic and 
combustion properties.23 Apart from a generally unique polypeptide composition, for any one 
fiber type it is highly likely that further secondary variations will occur depending on fiber 
physical structural properties, animal breed, geographical location and age, for example. Given 
the variations and complexity of the various keratin types present in each of the five animal hairs 
studied, it would require much more research to relate more specifically individual fiber MCC-
derived, heat release properties with the respective α-amino acid contents. 
Char HRR Peak(s) HRR Peak(s) Total HR
Sample Yield (%) Value (W/g) Temp(s) (°C)  (kJ/g)
angora 20.48 83, 121 310, 337 12.6
19.59 81, 132 309, 331 12.7
20.26 82, 127 309, 330 12.7
alpaca 19.68 102, 112 325, 357 12.8
20.71 116, 123 316, 346 12.9
20.85 107, 116 322, 342 12.9
camel 19.22 91, 143 300, 339 13.1
18.79 100, 169 303, 338 13.3
18.75 84, 194 296, 328 13.4
mohair 16.71 255, 128 322, 358 13.8
17.34 230, 117 323, 362 13.6
17.15 245, 139 322, 352 14.0
silk 32.61 165, 157 333, 336 8.3
32.27 159, 157 333, 344 8.4
32.47 159, 160 341, 343 8.2
wool 21.08 195, 68 322, 372 12.7
21.13 165, 76 319, 351 12.8
20.91 154, 72 328, 351 12.6
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Table 5.  Collated TGA Data Silk and Wool: air and nitrogen/vacuum 
 In air, % mass In nitrogen/vacuum, % mass 
Reference 300 °C 350 °C 400 °C 450 °C 300 °C 350 °C 400 °C 450 °C 
Silk         
Guan et al (2006)40 85 62 50 43 80 51 43 38 
Tsukada et al (2011)41     86 55 46 - 
Data obtained in this 
study 
    89 63 44 38 
Wool         
Holmes (1971)42     79 51 32 27 
Beck et al (1976)43 80/73 68/64 57/51 47/43     
Trask et al (1986)44     71 47 33 24 
Data obtained in this 
study 
    70 47 34 28 
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Figure 4.  HRR curve for Angora Fiber (left) and for Alpaca Fiber (right).   
 
    
Figure 5.  HRR curve for Camel Fiber (left) and for Mohair Fiber (right).   
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Figure 6.  HRR curve for Silk Fiber (left) and for Wool Fiber (right).   
 
  
Figure 7.  Representative Chars for Animal Fibers 
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Figure 8.  HRR Comparison Plot for all Animal Fibers.   
 
There was a suspicion that the silk results may have been due to residual compounds present in 
the silk which had not been removed prior to sale.  Therefore washing of the silk was carried out, 
as well as with the wool sample, to see if washing would change any of the results.  The results 
of this study are shown in Table 6.  Washing does indeed change the results, with a decrease in 
char noted more for the silk than wool sample, although the relative residual amounts are not 
changed, and accompanying these decreases in char yield, there are subsequent increases in total 
HR.  Peak HRR values are notably increased for the silk sample.  The effect of washing on the 
observed increases heat release for both fibers is greater for the silk sample than the wool 
sample.  HRR curves (Figure 9) show some changes in peak HRR values and shape when 
compared to those observed for the unwashed fibers (Figure 8) indicating that the material 
washed out of the fibers does improve charring and slows down the rates of mass/fuel pyrolysis.  
This is particularly noteworthy for the silk sample, which now has a much higher secondary peak 
of HRR after washing.  For the wool sample, there are now more discrete peaks of HRR than 
there were before washing, indicating again whatever was washed out of the wool sample was 
affecting rates of charring.  Despite the differences, the overall “shape” of the respective fibre 
curves is mostly the same, even if the intensities have changed, indicating that the material 
washed out was favoured char formation at the expense of volatile fuel formation while not 
significantly modifying the basic pyrolysing and combustion chemistries. 
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Table 6.  HRR data for Washed Silk and Wool Fibers 
 
 
  
Figure 20.  HRR curve for Washed Silk Fiber (left) and Washed Wool Fiber (right).   
 
Conclusions: 
 The results in this survey paper clearly show that within each group, plant and animal 
fibers have different heat releases when they burn, and therefore, cannot all be considered to be 
the same from a flammability perspective when used as reinforcement for composites or as fibers 
in textiles.  The differences in heat release are due to a mix of chemical and physical structural 
differences, including natural impurities, in the fibers based upon how each plant or animal 
“constructs” the fiber from various cellulose and polypeptide structures.  The effect of fiber 
processing on flammability can be notable, and it is important to understand how the fibers are 
processed and what impurities may be present.  To better connect chemical structure to the 
observed flammability differences, more detailed chemical analysis of the fibers is 
recommended, especially to help understand how processing of the fibers affects flammability, 
as was observed with the study of cotton fibers in particular, although it is well known that trace 
mineral impurities are significant factors..  Additionally, it should be pointed out that these 
differences in fiber heat release rate at the milligram scale may not always translate into larger 
structures where fiber weave or areal density will have notable effects on flame spread and 
material flammability.  Furthermore, the “fire model” present in the MCC of initial sample 
pyrolysis under nitrogen followed by ignition and combustion of volatiles does not reflect the 
ignition and burning of a fabric or composite in a simple ignition/flame spread test although 
Char HRR Peak(s) HRR Peak(s) Total HR
Sample Yield (%) Value (W/g) Temp(s) (°C)  (kJ/g)
washed silk 29.63 158, 243 340, 352 10.4
29.71 164, 339 338, 348 10.0
29.26 154, 303 342, 350 9.7
washed wool 19.67 195, 155, 35 334, 359, 456 14.6
19.40 184, 150, 47 344, 359, 424 14.3
19.69 182, 163, 35 328, 358, 455 14.2
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when heated in a resin-impregnated composite, the reinforcing fibers are effectively in an 
anaerobic environment. Still, the differences in fiber heat release measured in this paper should 
help researchers understand how natural fibers contribute to flammability, and, help engineers 
and material scientists pick the right fiber for their application where balances in fire safety and 
performance are needed.   
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